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Recent results on solar neutrinos provide hints that the LMA MSW solution could be correct. We perform
accurate calculations for potential “smoking-gun” effects of the LMA solution in the SuperKamiokande solar
neutrino experiment, including) an almost constant reduction of the standard recoil electron energy spectrum
(with a weak,<10%, relative increase below 6.5 Mg\W(2) an integrated difference in day-night rai@86—

14%), (3) an approximately constant zenith-angle dependence of the nighttime evefdyratagw test for the
difference in the shape of the equally normalized day-night energy sgectf4), and(5) annual variations of

the signal due to the regeneration eff¢et6 times smaller than the integrated day-night effedfe also
establish a relation between the integrated day-night asymmetry and the seasonal asymmetry due to LMA
regeneration. As a cautionary example, we simulate the effect of an absolute energy calibration error on the
shape(distortion of the recoil energy spectrum. We compare LMA predictions with the available SuperKa-
miokande data for 708 days of operation and discuss the possibilities for distinguishing experimentally be-
tween LMA and vacuum oscillations. If LMA is correct, global solutions combining data from different types

of measurements made by SuperKamiokande or by different solar neutrino experiments could reveal in the
next few years a many indication of neutrino oscillation§S0556-282(199)07919-9

PACS numbegps): 14.60.Pq, 12.15.Ff, 26.65t, 96.60.Jw

[. INTRODUCTION the highest energies has diminished.
A larger flux has been observed at night than during the
On 1 April 1996, solar neutrino research shifted from theday, although the difference observed by SuperKamiokande
pioneering phase of the chlorifidomestakeexperimenf1]  [6—9 (which is about the size of what is expected from the
and the exploratory phase of the Kamiokafie SAGE[3], ~ LMA solution) is only ~1.60 after 708 days of data collec-
and GALLEX [4] experiments to the era of precision mea- tion [15]. In addition, no large enhancement of the rate has

. : Sl been found when the neutrino trajectories cross the Earth’s
sur_ements maggurated by the SuperKamioka 1_]e_x- core. Moreover, the excess that is found appears already
periment. In this paper, we concentrate on the predictions f

g - g i Qhen the Sun is just below the horizon. These results are, as
“smoking-gun” evidence of new neutrino physics that canye shall see in detail in this paper, expected on the basis of
be observed in electron-neutrino scattering experiments sugfe | MA MSW solution but are not expected on the basis of
as SuperKamiokande. the SMA solution.

There are four generic oscillation solutiofiarge mixing There are also some non-solar indications that large mix-
angle (LMA), small mixing angle(SMA), and low mass- ing angles may be plausible. First, and most important, Su-
squared difference and/or low probabilityOW) Mikheyev-  perKamiokande and other experiments on atmospheric neu-
Smirnou-WolfensteifMSW) solutions and vacuum oscilla- trinos have provided strong evidence that large lepton
tions; cf. Ref.[12] for a recent discussignof the solar mixing is occurring at least in one channel involving muon
neutrino problems that involve two neutrinos. These soluneutrinos[16]. Moreover, the mass required for the LMA
tions are all consistent with the predictions of the standardolution[m~ \/(Am?)~10"2 eV] is only one order of mag-
solar mode[13] and the observed average event rates in thaitude smaller than the mass scale suggested by atmospheric
chlorine, Kamiokande, SuperKamiokande, GALLEX, andneutrino oscillations. All of the other solar neutrino solutions
SAGE experiments. We limit ourselves to such globally con-imply a smaller or much smaller neutrino mass scale for
sistent oscillation solutions and adopt the methodology usedolar neutrinos. It is however well known that a weak mass
in our recent paperl2]. hierarchy allows a rather natural explanation of large mixing.

Recent experimental results from SuperKamiokande The oscillation parameters of the LMA solar neutrino so-
[6—9] provide some encouragement for considering the LMAlution can give an observable effect for atmospheric neutrino
solution of the MSW effecf14]. No statistically significant experiments. In particular, the LMA solution could explain
distortion of the recoil electron energy spectrum has beefl7] the excess oé-like events in the atmospheric data.
discovered. No obvious change has been revealed in the In this paper, we provide accurate calculations for
slope of the ratidmeasuremer(gtandard spectrurhas the  smoking-gun predictions of the LMA solution, including a
SuperKamiokande measurements have been extended to pgimple new testSec. Il Q. In particular, we calculate and
gressively lower energies. Moreover, the excess of events abmpare with SuperKamiokande observations the following
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FIG. 1. The allowed region of the LMA MSW parameter space.  F|G. 2. The effect of a hypothetical energy calibration error on
When only the rates in the chlorine, Superkamiokande, SAGE, anghe shape of the electron recoil energy spectrum. The data points
GALLEX experiments are considered, the largely-vertical solidrepresent 708 days of Superkamiokande observaf@nghe three
lines are the allowed contours at 90%, 95%, and 99% C.L. Theyyrves were calculated from E¢B) for constant values of the en-
dashed contour corresponds to the allowed region at 99% C.largy offset parameter, of 80 keV, 160 keV, and 320 keV. For

when both the total rates and the night-day asymmetry are includedyisyal convenience, each curve was calculated with a somewhat
The best fit parameters, indicated by a dot in the figure, are for thgifferent normalization.

rates-only fit: sif(26)=0.72 andAm?=1.7x10"° eV2. The best-

fit parameters for the combined fit are %R¥)=0.76 andAm? experiments is essentially unchanged from our earlier study

=2.7x10"°% eV The approximately horizontal lines show the (cf. the similar results in Fig. 2 of Ref12] for the case that

contours for different night-day asymmetrigsumerical values in-  only the total rates are considejed

dicated; see Ref[30] for an illuminating discussion of the night- The dashed line in Fig. 1 represents the 99% allowed

day asymmetry. The data are from Rdfk,3,4,9. contour including both the measured SuperKamiokande day-
night effect and the total rates. The SuperKamiokande Col-

" . . . I ion h f limi lobal I f th
quantities: (1) the distortion of the electron recoil energy ;\g;lr:éllgnmgsdp;rsoor;n de:tzg’rleol’r?énéry global analyses of the

spectrum,(2) the zenith angle dependence of the observed Tapje | contrasts the predictions of the standard model
counting rate,(3) the day-night spectrum test, artd) the  5nd the LMA for the chlorine and the gallium experiments.
seasonal dependen(eeyond the effect of the Earth’s eccen- The LMA results that are not in parentheses are fon?
tric orbit) of the counting rate. All of these quantities are —=2x 105 eV? and sif26=0.8. These neutrino parameters
zero, independent of solar physics, if the standard model fogre close to the best-fit LMA values when only the total rates
electroweak interactions is correct. Therefore, measurements the chlorine, Kamiokande, SuperKamiokande, GALLEX,
of the spectral energy distortion and the zenith angle andnd SAGE experiments are considersge Ref.[12]). In
seasonal dependences constitute sensitive smoking-gun teptsrentheses, we show the predictions for two rather extreme
of new physics. As a cautionary example, we also simulaté MA solutions. We have evaluated the predictions for the
the effect of an energy calibration error on the apparent disehlorine and gallium experiments for a representative set of
tortion of the electron recoil energy spectrum. oscillation parameters and all of the values lie within the
Figure 1 shows the allowed region of LMA solution in the boundaries defined by the three solutions shown in Table I.
plane of sik2 @ and Am?. We have indicated the region al- Therefore, the predictions given in the table show the ex-
lowed by the measured total rates in solar neutrino experipected range of capture rates consistent with the LMA solu-
ments by the continuous contours in Fig. 1; the contours artion and the existing experiments. The range of production
shown at 90%, 95%, and 99% C.L. The constraints providedates predicted by the set of LMA oscillation solutions con-
by the the total rates in the Homestake, GALLEX, SAGE,sidered in this paper i§’Cl=2.9+0.3 SNU and’'Ga=71
and SuperKamiokande experiments are, at present, the mast9 SNU.
robust limitations on the allowed parameter space. The only The prediction of the LMA solution shown in Table | for
slight change in the available data on total rates since ththe SuperKamiokande rate due to tH8 neutrino flux
publication of Ref[12] is a small reduction after 708 days in [5,6,8,9 is rate (measuredB)=0.474 rate(BP98, ®B).
the total error for the SuperKamiokande experiméqf the This paper is organized as follows. We discuss the distor-
allowed region based upon the total rates in solar neutrintion of the recoil electron energy spectrum in Sec. I, the

093001-2



IS A LARGE MIXING ANGLE MSW EFFECT THE ... PHYSICAL REVIEW D60 093001

TABLE I. Standard solar model and LMA predictions for solar neutrino rates. The standard solar model
predictions are taken from BP9&3]. The LMA predictions refer to the best-fit LMA solution when only the
total rates are considereAm?=2x10"° eV? and sif 26=0.8 (cf. Ref.[12]). (The values given in paren-
theses were computed using, respectively, the oscillation paramete?s-8x 1075 eV?, sirf26=0.63
andAm?=8x10"° eV?,sirf #=0.91.) The rates calculated using the BP98 fluxes and the LMA oscillation
solution agree with the measured rates for the Homestake chlorine experiment (236SNU; see Ref.

[1]) and the SAGE (6Z 8 SNU; see Ref.3]) and GALLEX (78+6 SNU; see Ref.4]) gallium experiments.

Source Flux Cl Ga Cl Ga
(SNU) (SNU) (SNU) (SNU)
Standard Standard Standard LMA LMA
pp 5.94 0.0 69.6 0.00.0,0.0 39.8(47.1,37.5
pep 1.3% 1072 0.2 2.8 0.1(0.1,0.2 1.2(1.8,1.9
hep 2.1 1077 0.0 0.0 0.0(0.0,0.0 0.0(0.0,0.0
Be 4.80<10°! 1.15 34.4 0.460.65,0.60 15.7(21.5,17.4
B 5.15x10 4 5.9 12.4 1.81.6,2.3 3.7(3.4,4.9
S\ 6.05x10 2 0.1 3.7 0.05(0.06,0.05 1.8(2.4,1.9
50 5.32x 10 2 0.4 6.0 0.16(0.25,0.20 2.5(3.8,3.2
Total 7.7°1% 1298 2.6(2.65,3.2 64.7 (80,66

aAll fluxes are in units of (18 cm 2s71).

day-night differences of the event rate in Sec. lll, and the
seasonal dependences in Sec. IV. We describe in Sec. "

possibilities for distinguishing between LMA and vacuum [ sin®20 Am®/10-% eV® ]

oscillations. We summarize and discuss our main results ir - 079 ——— 8.0 MSW (LMA) -

Sec. VL. | 0.79 e 4.0 |
079 ---- 20

08} —

Il. SPECTRUM DISTORTION |

Figures 2 and 3 illustrate the main results of this section. - :
The reader who wants to get quickly the essence of the 5 .
physical situation can skip directly to the discussion of Fig. 2 2 06 - b
in Sec. Il C and Fig. 3 in Sec. II D. &

The observation of a distortion in the recoil electron en-
ergy spectrum produced by solar neutrinos scattering off
electrons would be a definitive signature of physics beyond
the standard electroweak model. Neutrinos which corresponc 0.4
to recoil electrons with energies between 5 MeV and 13 5 .
MeV, which are most easily observed by the SuperKamio- _
kande solar neutrino experimel8,6,8,9, are predicted by
the standard solar model to be essentially (allore than T
99%) from 8B beta decay13]. The shape of théB neutrino 0z 10 15 20
energy spectrum can be determined accurately from labora Energy (MeV)
tory measurementgl8] and the influence of astrophysical
factors is less than 1 part in 1019]. For energies relevant to " v )
solar neutrino studies, the cross sections for neutrino scattel’ /ar9¢ mixing angle MSW oscillations. The figure shows the
ing have been calculated accurately in the standard elec2l0: R. of the measured number of electrons to the number ex-
troweak model, including radiative correctiof20]. There- pected on the basis of the standard mddé] [see Eq(1)]. Solu-

tions are shown with the standard model fluxes®8f and hep

fore, if nothing happens to solar neutrinos on the way fromneutrinos(the approximately horizontal lingand with the standard

the region of productlon in the solar interior to a deteptor Ol e pflux multiplied (see Ref[21]) by factors of 8, 15, and 30atio
Earth, the recoil electron energy spectrum fréBIneutrinos  jncreases at highest energieShe calculated ratios are shown for
can be calculated precisely. _ three different values oAm? and with sif26=0.79 in order to
Any measured deviation of the recoil electron energyjysirate the range of behaviors that result from choosing neutrino
spectrum from the standard shape would indicate new physsarameters. Results similar to Fig. 3 are obtained if 2éhis al-
ics. The opposite, however, is not true: the absence of gwed to vary over a representative range of the allowed global
measured distortion does not mean the absence of new phyisviA solutions that are consistent with the average measured event
ics. rates. The experimental points show the SuperKamiokande results
We first indicate in Sec. Il A how the neutrino energy for 708 days of observatior$].

15 x hep E
9xhe

FIG. 3. Distortion of the®B electron recoil electron spectrum
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spectrum is convolved with the electron recoil energy spectfor neutrino energies much greater than the electron mass
trum and with the measurement characteristics of the detedf v, are converted to, or/andv,, then there will be neu-
tor. We then summarize briefly in Sec. Il B the characterisral current scatterinfthe second term in the square brackets
tics of the measured SuperKamiokande energy spectrum. lof Eq. (2)] which, while less probable, will also reduce the
Sec. Il C, we answer the question: How does an error in thepparent effect of the conversion. Since the sBBneutrino
energy calibration affect the shape of the recoil energy specpectrum decreases rapidly beyond about 10 MeV, a distor-
trum? We discuss in Sec. Il D the comparison of the pretion of the recoil electron spectrum at some enekgyE.
dicted and the measured electron energy spectra, which are10 MeV) is determined by the distortion of the neutrino
presented in Fig. 3. spectrum at somewhat lower ener§y<E.. The energy
resolution function has a crucial affect in smearing out dis-
A. Convolution tortion. The 2 width for the energy resolution is about 3
MeV at E,=10 MeV in SuperKamiokandg5,6,8. Smaller

We concentrate in this paper on analyzing the rat'o’features will be smeared out.

R(E;), of the number of observed eventd"* in a given
energy bin,E;, to the numberN>M expected from the

B.S f the dat
SSM[13], where ummary of the data

After 708 days of data taking with SuperKamiokande, no
Niobs unequivocal distortion of the electron recoil energy spectrum
R(Ei) = —sw- (1) has been found. The data show essentially the spectrum
Ni shape expected for no distortion flBrk< 13 MeV with some

- L excess events &>13 MeV. The excess electrons observed
For specific applications, we use the observed event number.

. : . 5 higher energies may refle@) a statistical fluctuation(2)
in the form provided by SuperKamiokandlg,9]; there are o - - ) i
17 energy bins of 0.5 MeV width from 5.5 MeV to 14 MeV the contribution ohep neutrinog21-29, (3) a larger-than

and an 18th bin that includes all events from 14 MeV to ZOﬁzsveCLedsiigoTrﬁg ;hzt:r?]sa?:gtgﬁzgfsr%yuggggsz?rtifgg‘grr
MeV. When more data are available, it will be important to pNysICS. y

divide the events above 14 MeV into several different binst0 an error In the energy normalization can hf'.d? Ia @storpon
[21]. due to neutrino conversion or cause an artificial distortion.

The number of events in a given energy bincan be For example, a suppression due to oscillations of the high
expressed as energy part of the electron spectrum could be compensated
for (hidden by the effect ofhepneutrinos.
All of the four explanations for the high-energy excess

E;+0.5MeV ® ® . . ; ;
Ni:f dEef dEéf(Ee,Eé)f dE,F(E,) have been described previously in the literature. However,
i 0 Ee the distortion due to an error in the absolute energy scale of
, , the electrons has only been mentioned as a possibdity.
x| P(E )dge(E”’Ee) +[1-P(E )]M}, Therefore, we discuss in Sec. Il C the effect on the energy
. dEg ’ dE; spectrum of an error in the absolute energy scale.

) Another possiblle systematic error, a hon-Gaussian ta_\il to
the energy resolution, could also produce an apparent distor-
whereF (E,) is the flux of 8B neutrinos per unit energy at tion at the highest energies. However, this effect has been
the detector, and(E,,E_) is the energy resolution function estimated by the SuperKamiokande Collaboration and found
which we take fron{5,6]. P(E,) is the survival probability to be small25,9. o . . .
ve— ve, dog/dE, and do, /dE, are the differential cross To resolve thg.- gmbl?uny at hl%r_}frecon electron energies,
sections of thevee and v, e scattering. There are practically one can proceed in at least two different wagy. One can

no 8B neutrinos with energies greater than 15.5 MeV, so thaFXClude the spectral Qata above 13 M_eV, since the distortion
: o ; due to bothhep neutrinos and the calibration of the energy
for practical purposes the upper limit of the integral oker

in Eq. (2) can be taken to be 16 MeV. Including the eﬁcectsscale normalization occur mainly at high energies. A com-
of the finite energy resolution, the upper limit over the meaarson of the results of the analysis using all the data W'th_
sured electron recoil enera’ . can be taken to be 20 MeV the inferences reached using only data below 13 MeV pro
- Eq(2) t | ?%e k th bined diction f " vides an estimate of the possible influence of systematic un-
th otusz g'( )I Ot ca Cuf € de Icomdmti prte '3 '02 Orlcertainties. However, this procedure does throw away some
€ standard electroweak model an € standard so %portant data(2) One can treat the soldepneutrino flux
model, seP=1. The second term in the brackets of E2).

! i . : as a free parameter in analyzing the energy spediin22.
then disappears. This term Is also a}bsent if the electron NeYH general, this is the preferred method of analysis and the
trinos are converted to sterile neutrinos.

How does the convolution shown in E@) affect energy- one which we follow.
dependent distortion®r conversionsof the incoming elec-
tron neutrinos? The convolution spreads out over a relatively
wide energy range any energy-dependent features. In particu-
lar, the scattering process produces electrons with energies An error in the absolute normalization of the energy of the
from zero to almost equal to the incoming neutrino energyrecoil electronsg= E e~ Emeasured WoUld lead to an appar-

C. How does an energy calibration error affect the recoil
energy spectrum?
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ent energy dependence Rithat is particularly important for TABLE II. Day-night asymmetries.
the LMA solution, since the theoretical prediction is tRat >
essentially constant in the higher energy region accessible to A™ A  Ang A
SuperKamiokande. The ratR(E) can be written as (10°° eV Sirf 26=0.9 sirf 26=0.8 sirf 26=0.7
ob 8 0.019 0.018 0.017
RO E) = NZ*E+ 9) 4 0.049 0.050 0.049
NSM(E) 3 0.069 0.073 0.071
2 0.100 0.107 0.107
1 dNSM(E) 1.6 0.126 0.135 0.136

__ ptrue

~Rg“(E)| 1+ NE,  dE s, (3
the Earth can lead to a weak increase of the survival prob-

whereNSM(E) is the standard model spectrum. Siée",  ability with energy.

dNSM/dE and, in generalg all depend on energy, the last  Excellent fits to the recoil energy spectra can be obtained

term in Eq.(3) gives rise to an apparent distortion of the by increasing the production cross section for keep flux

observable spectrum. Moreover, sifd€(E) is a decreas- by a factor of 10-40 over its nomingee Ref[26]) best

ing function of energy % (dNSM/dE)/NSM increases with ~ value. This result is illustrated in Fig. 3. _

energy for negatives. Thus, for negatives, R(E) is en- Results similar to Fig. 3 are obtained if $29 is allowed

hanced at high energies. The SuperKamiokande collabord® Vary over a representative range of the allowed global
tion has estimated the error in the absolute energy calibratiohMA solutions that are consistent with the average measured

as being 0.8% at 10 Meg], i.e., 5=80 keV, 1 event rates. We find numerically that the dependence of the

We have simulated the effect of an error in the absolutéh%pfcg;:rxofieg'cfﬁg ;ﬂegtrﬁg;nm?gkoigg Ig:(\)lltlear)b/ov;/aet?(l)(ﬁ has
energy calibration by convolving a standard model recoll laced an ex erirﬁental u P er limit on the b neutrino flux
energy spectrum with the energy resolution function of Su b b bp b

Kamiokand 4 introduci t 8 ‘at Earth of at most 20 times the nominal standard value
perkamiokande and introducing a constant offset emor [6,9,10. The fits shown in Fig. 3 demonstrate that we require
We calculated the rati®(E) directly from the equality in

_ ; At - a hep flux at the sun of 10—40 times the standard value.
Eq. (3), without making the approximation involved in the nyoever, LMA neutrino oscillations reduce the rate at the
Taylor-series expansion. _ Earth so that the observed rate is about a factor of 2 less than
Figure 2 compares the computBgE) for three different  \ould correspond to a flux of purely, hep neutrinos. So
values ofé with the observed SuperkKamiokande d@afor  the fits shown for variabl@ep flux in Fig. 3 are consistent
708 days. For visual convenience, each curve is normalizegith the SuperKamiokande upper limit on the measureg
somewhat differently, but all are normalized within the rangeflux.
allowed by the SuperKamiokande measurement of the total What are the chances that SuperKamiokande can obtain
rate. We see from Fig. 2 that ar2(160 ke\) energy cali- smoking-gun evidence for a distortion of the energy spec-
bration error can produce a significant pseudo-slope. Mort&rum if the LMA solution is correct? The lack of knowledge
exotic effects can be produced if the one assumes that thef the hep production cross section prevents fundamental
energy errorg, is itself a function of energy. conclusions based upon the suggestive higher energy
We conclude that future analyses of the distortion of the(>13 MeV) events. The data reported by SuperKamiokande
energy spectrum should includeas one of the parameters (at the time this paper is being writteabove 14 MeV are in
that is allowed to vary in determining from the measure-a Single bin(14—-20 MeV). As emphasized in Ref21], it is

ments the best-fit and the uncertainty in the energy distorP0SSible that measurements in smaller energy bins above 14
tion. MeV could reduce the uncertainty in theep flux and test

the consistency of the LMA plus enhanckd p predictions
(for preliminary results see Rdf9]).
For larger allowed values ahm?, the distortion curve
Figure 3 compares the predicted versus the measured ratiorns up at low energieg&f. Fig. 3). This upturn is due to the
R(E) [see Eq(1)] of the electron recoil energy spectra for a fact that for largerAm? the low energy part of théB neu-
representative range afm? that spans the domain permitted trino spectrum E~5-6 MeV) is on the adiabatic edge of
by the global LMA solutions. All of the solutions shown the suppression pit. For the smallest allow&ch?, LMA
have sif26=0.8 and are consistent with the average evenpredicts a weak positive slope fR(E) that is caused by the
rates in the chlorine, Kamiokande, SAGE, GALLEX, and Earth regeneration effect.
SuperKamiokande experiments. Also, all of the histograms The predicted distortion at low energies, between, e.g., 5
of neutrino solutions are normalized so as to yield the samMeV and 6.5 MeV, is smalltypically ~ a few percent up to
value of the ratioR(E) at E=10 MeV. The measured val- as large as 10%; cf. Fig) &nd would require approximately
ues are taken frorfg]. 10 years of SuperKamiokande data in order to show up in a
The most conspicuous feature of Fig. 3 is the flatness oflear way.
the ratioR(E) that is predicted by the LMA solution with no
enhancement of thaep flux. The survival probability,P, lll. EARTH REGENERATION EFFECTS
without Earth regeneration B(E)~ sir? in the observable If MSW conversions occur, the Sun is predicted to be
high energy part of tf8 neutrino spectrum. Regeneration in brighter at night in neutrinos than it is during the d&y] at

D. Predicted versus measured spectra
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those energies at which the survival probability:@fis less 3
than one-half. This phenomenon, if observed, would be a~ B
dramatic smoking-gun indication of new physics indepen- @
dent of solar models. 2 -
When the Sun is below the horizon, neutrinos must‘s 2.8 |-
traverse part of the Earth in order to reach the detector. By o -
interacting with terrestrial electrons, the more difficult to de- PN - — -
tectv, or v, can be reconverted to the more easily detectableS B ] L L—J
ve. The opposite process can also occur. The physics of thi:: 2.6 - |_ _L_im =77 b ————
“day-night” effect is well understood27]. We adopt the 5 - T
methodology of Ref[28]. The Superkamiokande Collabo- % - 4. 1
ration has placed constraints on neutrino oscillation param-S | |
eters from the measurement of the zenith angle dependenc
in 504 days of dat&8]. 1
We first discuss in Sec. Il A the day-night asymmetry 7.9x10-% eV?
averaged over all zenith angles and integrated over all ener . B Lo 4.0x1075 eV2
gies and seasons of the year. We then analyze in Sec. IllE® 2.2 ——— 2.0%10- eV?
the dependence of the total rate upon the solar zenith angle § - — — — - 2.0x10-5 eV
We then describe in Sec. Il C a new test, which we call the p - — — 1.8x10°% eV?
“day-night” spectrum test. @

2.4 __ L r'y

rino

neut

2IIIIIIIIIIIIIIIIIIIIIII

0 02 04 06 038 1
cosby

A. Integrated day-night effect

The average day-night asymmetry measured by the Su-
perKamiokande Collaboration [45] FIG. 4. The predicted versus the observed zenith angle depen-
dence of the total event rate above 6.5 MeV. Here @gscos@r
—0), where®y is the nadir angle an® is the zenith angle. The
=0.060+0.03G stap = 0.008 sys?. first bin is the average of the daytime rate of all of the observations.
(4) The figure shows the dependence of ike scattering rate in the
SuperKamiokande detector upon the nadir angle of the Sun at the
time of the observation is shown for a representative rangenat

Here “night” (“dayf’ ) is the nighttime(daytimg signal av- %Ed fixed siR26. The results are averaged over an entire year. The
eraged over energies above 6.5 MeV and averaged over ta are from Ref9]. The calculational procedures are the same as
zenith angles and seasons of the year. in Ref. [28].

Table 1l shows the calculated values for the day-night
asymmetry for a range of different LMA solutions. For so- This approximation depends only weakly on mixing angle.
lutions within the allowed LMA domain, we findA\,q  The 1o interval of A, 4 that follows from Eq.(4) leads to an

night—day
night+day,

n-d—

=0.02-0.14. allowed range of
The dependence of the asymmetry Am? can be ap- - s o
proximated with the LMA solution space by Am®=(2-8)x10"> eV", lo. ©

Figure 1 shows the approximately horizontal lines of

equal night-day asymmetry in Am?-sir? 26 plot together

(®  with region in parameter spaddashed contoirthat is al-
lowed by a combined fit of the total rates and the night-day

asymmetry. The best-fit oscillation parameters for the com-
for si 26=0.8 and for the range afm? shown in Table Il.  pined fit are

Am?=2.7x10"% eV?, sirf26=0.76. (7)

YIf neutrino oscillations occur, the predicted zenith-angle depen-The night-day asymmetry is 8% for these best fit parameters.
dence changes slightly for different solar models since the flavor

content of the calculated solar flux arriving at Earth is influenced B. Zenith angle dependence
somewhat by the assumed standard model fluxes. See[ F33f. . .
Sec. X B. y [ Figures 4 and 5 compare the predicted and the observed

2The definition ofA,4 given in Eq.(4) is twice as large as in Ref. (after 708 days dependence of the SuperKamiokar(d@d
[28]; we changed our definition to the one given in the presen€Vent rate upon the zenith angle of the Sén,The results
paper in order to conform to the usage by the SuperKamiokand@’€ averaged over 1 year. In order to make the figures look
Collaboration. Similarly, we do not discuss the valuable constraintgnost similar to figures published by the SuperKamiokande
provide by moments of the day-night effect because the Superka<ollaboration, we have constructed the plot using the nadir
miokande Collaboration has not yet provided an analysis of theiangle®y=7— 0. The predicted and the observed rates are
results in terms of moments. averaged over all energies6.5 MeV.
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FIG. 5. For a fixed value oAm? and a range of values of FIG. 6. The predicted day and night electron recoil energy spec-

sir? 26, the predicted versus the observed zenith angle dependend for a representative range &M and sirf 26. The night spectra

of the total event rate above 6.5 MeV. Same as Fig. 4 except fogre indicated on the figure Hy; the corresponding day spectra are

different oscillation parameters. This figure makes clear the diffi-n0t marked. For the upper panel, the valued\af” are(in units of

culty of reducing the error bars so that they are smaller than the sizt0™° €V?) 7.9 (thick solid line, 4.0 (dashed ling and 1.6(thin

of the predicted effect. solid line). For the lower panel, the values of $&9 are 0.69(thick
solid line), 0.87 (dashed ling and 0.95(thin solid ling.

Three conclusions can be drawn from the results shown i@bout an order of magnitude less than the effect that is hinted
Fig. 4 and Fig. 5(1) The experimental error bars must be at by Fig. 4 and Fig. 5.
reduced by about a factor of @otal observation time of
order 8 yearsbefore one can make a severe test of the av- C. Day-night spectrum test

erage zenith-angle distribution predicted by the LMA solu-  The spectral dependence of the day-night effect provides
tion. (2) Nevertheless, the available experimental results proadditional and independent information about neutrino prop-
vide a hint of an effect: all five of the nighttime rates are erties that is not contained in the difference between the total
larger than the average rate during daytirt®.The zenith-  day and the night event rates. The new physical information
angle dependence predicted by the LMA solution is relathat is described by the difference between the day and the
tively flat; i.e., the flux is approximately the same for all night energy spectra is the extent to which the different en-
zenith angles. ergies influence the total rates.

The predicted LMA enhancement begins in the first night- Figure 6 compares the calculated electron recoil energy
time bin and the enhancement is not significantly increase@pectra for the day and the night for a range of values of
when the neutrinos pass through the Earth’s daes@®) Am? and sirt 26. Again, we have plotted on the vertical axis
>0.8] and can even decrease for some parameter choices. &% Fig. 6 the ratioR(E) [see Eq(1)], of the measured recoil
Am? decreases, the oscillation length increases and the effegnergy spectrum to the spectrum expected if there is no
of averaging over oscillation phases becomes less effectiv@istortion? The night spectra lie above the day spectra for all
with the result that some structure appears in the calculatelevant energies. Moreover, the difference of the nighttime
zenith angle dependence. FAmM?<10~° eV?, the depar- and the daytime rates increases with energy, reflecting the
ture from a flat zenith angle dependence becomes relativefjact that for the LMA solutions the regeneration effect in-
large. creases withAm?.

Certain solutions of the SMA, those with 426>0.007, The systematic difference between the day and the night
predict a strong enhancement in the core that is not observeéectra is most easily isolated when the difference due to the
and therefore these SMA solutions are disfavdi@d

Figures 4 and 5 show that faxm?=(3-4)x10"° eV?
and a wide range of sfi26 the LMA solution provides an  3The average energy spectra during the day and during the night
excellent fit to the zenith angle dependence. have been calculated also in RE29]. However, these authors did

The theoretical uncertainti¢28] (due to the density dis- not include the SuperKamiokande energy resolution function,
tribution and composition of the Earth and the predictedwhich leads to a significant smearing effésee the discussions in
fluxes of the standard solar mogelre at the level of 0.2%, Refs.[24,28,30).
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FIG. 7. The day-night spectrum test. The figure shows the char- £iG. 8. The predicted seasonal dependence of the total event
acteristic dlfference between _the recoil energy spectrum that is ca}-me with eccentricity removed. The dependence ofithescatter-
culated for daytime observations and the energy spectrum that isg rate in the SuperKamiokande detector upon the season of the
calculated for nighttime observations. The particular curve that iSear is shown for a representative range of LMA solutions with

: - 2_ 5 2
shown in the figure was calculated fdm“=2Xx10"" eV~ and  yariapleAm? and sif 26=0.8. In order to isolate the seasonal ef-
sin’ 26=0.8; similarly shaped curves are obtained for other LMA fect of neutrino oscillations, the effect of the eccentricity of the

- . 2 . ;
solutions with the samam? but different values of sf26. The  Earth's orbit has been removed. Figure 8 refers to all events above
difference between the day and the night spectral shapes decreases ey .

asAm? increases.

) . day-night rate effect or the more general zenith-angle effect?
average rates is removed from both the day and the nlgh‘t,es, one can imagine that the day-night integrated effgict
spectra. _ S Sec. Il A) has been measured to be of order 6% in agree-

Figure 7 compares the daytime and the nighttime spectrgient with LMA predictions, but that when the day-night
when both spectra are normalized to the same total(thée  gpectrum test is applied the appropriately normalized day
observed SuperKamiokande rat&his equal normalization rate at energies less than 10 MeV lies below the similarly
removes the difference that is normally referred to as thg,ormalized nighttime rate. This latter result would be incon-

day-night effea;t. We refer to the equal-”normallzatlon Pro- sistent with the predictions of the LMA solution and there-
cedgre as the “day-night spectrum test. fore would provide information not available by just measur-

Figure 7 shows that for energies beléabove 10 MeV,  ing the integrated difference of day and of night rates.
the predicted Q|fferent|al daytlmg sp_ectrum is higtiewer) The easiest way to apply the day-night spectrum test is to
than th.e predicted differential mghmme spectrum. The tWopormalize the day and night spectra to the same total number
normalized spectra become equal in rates at about 10 Me\gt eyents and then compare the number of day events below
LMA predicts that the nighttime spectrum contains relatively 1 peV with the number of night events below 10 MeV In
more high energy electrons than the daytime spectrum.  rinciple, one could divide the data into a number of differ-

Figure 7 shows that, when both spectra are normalized t@n¢ pins and test for the similarity to the predicted shape

have the same total rates, the average daytime spectrum hgyown in Fig. 7, but Poisson fluctuations would dominate if

tween 5 MeV and 10 MeV is, for the parameters chosenihe data were divided very finely.

about~1_.5°/_o greater than the average nighttime Spectrum. e change in slope with energy, illustrated in Fig. 7,
The oscillation parameters used to construct Fig. 7 argetween equally normalized day and night recoil energy
Am?=2x10"° eV? and sirf26=0.8. We have plotted fig- spectra may provide a new test of the LMA solution. It wil

ures sim!ar to Fig. 7 for a number of LMA solutions. For a giso pe useful to calculate the predicted change in slope for
fixed Am?, the equally normalized spectra are all very simi- gther solar neutrino solutions.

lar to each other. However, the amplitude of the difference
between the night and the day spectra, about 3% at 5 MeV
for the example shown in Fig. 7, decreases to about 2% for
Am?=4x10"° eV? and is only about 0.5% foAm?=8 If the LMA solution is correct, seasonal dependences oc-
X10°° eV?, cur as a result of the same physics that gives rise to the
Does the day-night spectrum test provide information in-zenith-angle dependence of the event rates. At nighttime,
dependent of the information obtained from the integratedscillations in matter can reconverf, or v, to v, or matter

IV. SEASONAL DEPENDENCES
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FIG. 9. The predicted seasonal plus eccentricity dependences of F|G. 10. The predicted seasonal plus eccentricity dependences
the total event rate. This figure is the same as Fig. 8 except that fQif the total event rate fdE,=11.5 MeV. This figure is the same as
the present figure we have not removed the effect of the eccentricityjy. 9 except that the threshold recoil electron energy is larger.
of the Earth’s orbit in the predictions or the observations. The data
are from Ref[9]. predicted seasonal plus eccentricity dependence. The eccen-
tricity dependence is largéfor the allowed range of param-
%ﬁrs) than the predicted LMA seasonal dependence; hence,

interactions can also cause the inverse process. The seaso 4 predicted variations in Fig. 9 are larger than in Fig. 8.

:jheper)dfniﬁ arlgefh primarily beEcalljsz_the nl.ght |sfl?hnger "Phe regeneration effect enhances the eccentricity effect in
€ V\|/|nf¢far anr;n ellsur.nmer. agy ;1$CU$SI(I)r;S OFthe S€ap e northern hemisphere. In the southern hemisphere, the ec-
sonal effect with applications to radiochemical detectors ar¢qnyicity and the regeneration-seasonal effects have opposite

given in Refs[31]. A r4ecent discussion of seasonal effects iSgjgns, This difference is in principle detectable; if the sea-
presented in Re{32]. sonal asymmetry is 7% in the northern hemisphere, then it
would be about 3% in the southern hemisphere.

Unfortunately, the existing statistical error bars are too
large to show evidence of either the eccentricity or the LMA

Figures 8 and 9 show the predicted LMA variation of the seasonal dependence.
total event rates as a function of the season of the year. In If the LMA solution is the correct description of solar
constructing Fig. 8, we corrected the counts for the effect oheutrino propagation, it appears likely from Fig. 9 that an
the eccentricity of the Earth’s orbit. We show in Fig. 8 the order of 10 years of SuperKamiokande data will be required
predictions for a threshold of 6.5 MeV; Fig. 10 shows similarin order to see a highly significant seasonal effect due to
results for a threshold of 11.5 MeV. In both cases, the seatMA neutrino mixing.
sonal effects are smalk-1%—-2%, although the higher-
energy events exhibit a somewhat larg@0% or 40% B, Relationship between the summer-winter and the day-night
largep variation. The characteristic errors bars for SuperKa- effect
miokande measurements 3 years after beginning the opera-
tion are larger, typically~4% (cf. Fig. 9, than the predicted
LMA seasonal variations.

How do the SuperKamiokande data compare with the o
servations? For a threshold energy of 6.5 MeV, the data co
rected for the Earth’s eccentricity are not yet available
Therefore, we compare in Fig. 9 the obsery&d and the

A. Predicted versus observed seasonal dependence

Since the physics underlying the day-night and the sea-
sonal dependences is the same, i.e., non-resonant matter me-
pdiated neutrino oscillations, there must be a relationship be-
jfween the two effects. We outline here a brief derivation of a
formula that connects the size of the day-night asymmetry
‘defined in Eq(4) and the winter-summer asymmetry, which
we define as

winter — summe
“The principal results given in this section, including Eg0), Aw-s=2 winter + summer ®
have been presented and discussed by A. Yu. Smirnov at the Mo-
riond meeting for 199933]. The seasonal variations found in Ref. Here “winter” (“Summer”) is the signal averaged over the
[32] are in good agreement with our results for the same values gperiod from November 15 to February (8ay 15 to August
the oscillation parameters. 15).
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TABLE lll. LMA versus vacuum oscillations. Section Il contains a quantitative discussion of the day-
night integrated effect, the zenith angle dependence of the rate, and the day-night spectrum test. Seasonal
effects are discussed in Sec. IV and spectrum distortion is discussed in Sec. Il.

Phenomenon LMA Vacuum

Day-night integrated effect Small but non-zero Zero

Zenith-angle dependence of rate Small but non-zero Zero

Day-night spectrum test Small but non-zero Zero

Spectrum distortion Flat relative spectrum Can explain upturn at large energies
Seasonal effect Eccentricity dominates Can be large and energy dependent

Neutrinos reaching the Earth from the Sun will be in anthe measured range of day-night asymmetfiey [cf. Eq.
incoherent mixture of mass eigensta{@g,35. When the (4)], we find from Eq(10) Ay_s~1%, in agreement with
Sun is below the horizon, the presence of electrons in theur explicit calculations.

Earth will cause some transitions to occur between different
mass states. By solving the problem of matter induced neu- V. VACUUM VERSUS LMA OSCILLATIONS
trino transitions in a constant density medium, one can see
that the characteristic oscillation length in the Earth is always Table Ill summarizes the most striking differences in the
less than or equal to the vacuum oscillation length divided byredictions of the LMA and the vacuum oscillation solutions
sin 26. The transition probability is proportional to (@),  of the solar neutrino problems. We now discuss some aspects
where of these differences in more detail.
The sharpest distinctions between vacuum and LMA pre-

R (10 MeV dictions are expressed in the day-night differences. The

E LMA predicts non-zero day-night differences for all three of
the tests discussed in Sec. Il and listed as the first three
phenomena in Table Ill. Vacuum oscillations predict zero for
all these day-night phenomena.

The spectrum distortion is predicted to be small for the
whereR is the distance traversed in the Earth. For any of the_MA solution (cf. Fig. 3. The ratio of the observed to the
nighttime bins discussed in Sec. llI, the phase of the oscillastandard spectrum is essentially constant for energies above
tion is large so that even relatively small changes in distance.5 MeV, although a modest upturn can occur at lower en-
and energy will lead to fast oscillatory behavior that causegrgies. Vacuum oscillations allow a more varied set of spec-
the survival probability to average to a constant in all of thetral distortions and can accommodate, without enhaiesal
bins [cf. Eq. (9)]. This is the reason why the zenith-angle production, the possibly indicated upturn in the relative spec-
enhancement shown in Fig. 4 is approximately a constantrum beyond 13 MeV.
independent of zenith angle. One can use seasonal variations to distinguish between

The event during the night and the event rate during the/acuum oscillations and LMA oscillations. For an early dis-
day are each approximately constant and may be representedssion of this possibility, see R¢B6]. The LMA solution
as Ry and Rp, respectively. Let the average duration of predicts that the seasonal effects are smaller than the geo-
night betg hours during the summer arng hours during the metrical effect arising from the eccentricity of the Earth’s
winter. Then the summer signal is proportional [Bytg orbit. Moreover, there is only a weak enhancement of the
+Rp(24—1tg)]. There is a similar expression for the winter LMA seasonal effect with increasing energy threshold. On
signal: [ Rytw+ Rp(24—ty)]. Then simple algebra shows the other hand, for vacuum oscillations the seasonal effects
that the seasonal asymmetry is can be comparable with the geometrical effect and there can

be a strong enhancemdpt an almost complete suppression,
tw—ts even a reversal of the sigrof the seasonal effect as the

24 | threshold energy is increaséske first paper in Ref36]).

For the LMA solution, regeneration occurs but only dur-
Thus the seasonal variations are proportional to the night-daiyg the night. Therefore, the LMA solution predicts that there
asymmetry. The larger the day-night effect, the larger is thés no seasonal dependence of the daytime signal beyond that
LMA predicted seasonal variations due to regeneration. Fogxpected from the eccentricity of the Earth’s orbit. The
the location of SuperKamiokandet,,=13.9 h andts vacuum oscillation solutions predict that the day and the
=10.1 h, and the parenthetical expression in Eff)) is  night seasonal dependences will be the same. Therefore, in
about 1/6. principle one could distinguish between vacuum oscillations

Equation(10) gives the approximate relation between theand LMA oscillations by comparing the seasonal dependence
seasonal and the day-night asymmetries and makes cleabserved during daytime with the seasonal dependence ob-
why the seasonal dependence is about 6 times smaller thaerved at night.
the already small day-night effect. For the central value of The LMA solution predicts for experiments measuring the

wRsin 26 i
¢p=———=17sin 20
Ly

REart

X 9

Am? )
2x10°° eV?)’

Aw-s=And

(10
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low energy 'Be neutrino line(BOREXINO, KamLAND, away as the data base is increased @dan error in the
LENS) that there will not be a significant contribution to the absolute energy calibration. Figure 2 shows that a best fit to
seasonal effect beyond that expected from the eccentricity dhe upturn at large energies would require a several sigma
the Earth’s orbit. This is because the day-night difference i®rror in the absolute energy calibration. Both of these seem-
very small at low energies in the LMA solutid28,12. For  ingly unlikely possibilities, a large statistical fluctuation and
vacuum oscillations, there can be significant seasonal depea-large error in the energy calibration, will be tested by future
dences of the/Be line in addition to the purely geometrical measurements with SuperKamiokande.
effect . There are at least two possibilities for explaining the spec-
SuperKamiokande data can be used to test for an enra| upturn that do not involve experimental errors or statis-
hancement of the seasonal variations as the energy threshq|ga) fluctuations{1) ahepflux that is approximately 10—30
for selecting events is increased. Such an enhancement miglihes |arger than the conventional nuclear physics estimate
be produced by vacuum oscillations. Vacuum oscillations;nq (2) vacuum oscillations. We have concentrated in this

i 2 —10 o\/2 ; ; it
with Am N.4X 107 eV, which give the b_es_t description Ipaper on the explanation that invokes a larger-than-standard
of the recoil energy spectrum, provide a distinct pattern fo hepflux. Our results are illustrated in Fig. 3. Even when the

the enhancement: the effect of eccentricity is larger than th%nhanced rate is used in the calculations, ee neutrinos

effect of oscillations for a threshold energy of 6.5 MeV, are so rare that they do not effect anything measurable except
while the effect of oscillations is comparable with the eccen- Y ything P

L the energy spectrum.
tricity effect for a threshold of 11.5 MeV36]. ; ) )
C}c/)mparing Fig. 10 and Fig. 9, we ;{Se]that the enhance- At energies below 7 MeV, the LMA solution predicts a
ment with energy threshold predicted by LMA is weaker Slight upturn in the recoil energy spectrum _relatlve tp th_e
than for vacuum oscillations. For LMA, the increase in theStandard model energy spectrum. This effect is shown in Fig.
threshold only enhances the seasonal variations by an ordérand may be detectable in the future with much improved
of 30%—-40% of an already small effect. This insensitivity to Statistics.
changes in energy threshold is in agreement with our calcu- However, Fig. 2 shows that even a modest error in the
lations of the day and night recoil energy spedsae Sec. absolute energy calibration could give rise to an apparently
IV B). significant energy distortion. In future analyses, it will be
Practically speaking, LMA predicts for SuperKamiokandeimportant to include the absolute energy calibration error as
that there will be no measurable change in the seasonal effeohe of the parameters that is allowed to vary in determining

with increasing energy threshold. the best fit and the uncertainty in the spectrum shape.
The zenith-angle dependence and the integrated day-night
VI. SUMMARY AND DISCUSSION effect observed by SuperKamiokande are consistent with the

predictions of the LMA and, in fact, show a hint of an effect
(~1.60) that is predicted by LMA oscillationjsee Ref[15]

The large mixing angle solution is consistent with all theand Eq.(4)]. Figures 4 and 5 show that the predicted and the
available data from solar neutrino experiments. Figure lobserved nighttime enhancement are both relatively flat, ap-
shows the allowed region of the LMA parameters in the approximately independent of the zenith angle. Moreover, all
proximation of two oscillating neutrinos. five of the measured nighttime rates are above the average

We have investigated in this paper the LMA predictionsdaytime rate. However, the results are not very significant
for SuperKamiokande of the distortion of the electron recoilstatistically. If the LMA description is correct, then another
energy spectrum, the integrated day-night effect, the zenitls—10 years of SuperKamiokande data taking will be required
angle dependence of the event rate, and the seasonal dep@meorder to reveal a several standard deviation effect.
dences. We have also evaluated and discussed an indepen-The difference between the daytime and the nighttime re-
dent test, which we call the day-night spectrum test. Finallycoil energy spectra may be detectable in the future. Figure 6
we have analyzed the possibilities for distinguishing betweeshows separately the predicted day and the predicted night
LMA and vacuum oscillationgésee Table Il and the discus- spectral energy distributions.
sion in Sec. V. We previously showed that the LMA solu-  The most useful way to test for differences between the
tion is globally consistent with the measured rates in theshapes of the daytime and the nighttime energy spectra is to
chlorine, Kamiokande, SAGE, GALLEX, and SuperKamio- normalize both spectra to the same value. Figure 7 shows the
kande experimentsl2]. predicted difference between the spectra observed during the

The electron recoil energy spectrum predicted by theday and the spectra observed at night. It will be extremely
LMA solution is practically undistorted at energies above 7interesting to test the hint that a day-night effect has been
MeV; i.e., thev, survival probability is essentially indepen- observed with SuperKamiokande by comparing, as in Fig. 7,
dent of energy at high energies. However, the recoil energthe equally normalized day and night spectra. The simplest
spectrum that is measured by SuperKamiokande suggests amay of performing this test would be to compare the total
increased rate, relative to the standard recoil energy speefrea of the energy spectrum that is observed below 10 MeV
trum, for energies above 13 Me5,6,8,9. at night with the total area observed below 10 MeV during

We have discussed in Sec. Il B two experimental possithe day. The predicted average difference in the day-night
bilities for explaining the upturn at large energies of the re-spectrum test is about 1.5% fdrm?=2x10"° eV? and
coil energy spectrum(l) a statistical fluctuation that will go  decreases te-0.5% forAm?=8x10"° eV?.

A. Current situation
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If the LMA solution is correct, then when the day and cally and which will show up with a high level of signifi-
night spectra are normalized so that they have equal totalance in the SuperKamiokande experiment. We cannot say
areas, then the area under the daytime spectrum curve belawything about this possibility.

10 MeV must be larger than the area of the nighttime spec- If the LMA description of solar neutrinos is correct, we
trum below 10 MeV. No significant difference between thecan use the results shown in Figs. 2 —10 to estimate how
daytime and the nighttime spectra is expected if vacuum 03png Superkamiokande must be operated in order to reduce
cillations are the correct solution of the solar neutrino prob+ne errors so that a single effespectrum distortion, zenith-

lems. , ) angle dependence, or seasonal dependeacggnificant at
Seasonal differences are predicted to be small for thg,qre than the 8 level. Figures 2 —10 show that the errors

LMA solution. Equation(10) ShOW_S that seasonal _d|fferences must be reduced for any one phenomenon by at least a factor

are expected to be reduced relative to the day-night asymMME&t two in order to reach a multi-sigma level of significance.

try by a factor of the order of 6 for the location of SuperKa—O§ince the available data comprise 708 days of operation,

miokande, i.e., the difference between the average length over a calendar period of the order of 3 years, it seems likely

the night in the winter and the summer divided by 24 h. Thiz}\r’\%t SuperKamiokande will require an order of a decade of

in Fig. 8 and Fig. 9. If the LMA solution is correct, it will running in order to isolate a single direct proof of solar neu-

require many years of SuperKamiokande measurements frino oscillations, provided the LMA description is correct.

order to detect a statistically significant seasonal dependence. Fortunately, Superkamiokande can make a global test of
the standard electroweak hypothesis that nothing happens to

neutrinos after they are created in the center of the Sun. This
) o ) _global test could become significant at the several sigma
If there is new physics in the neutrino sector, then experijeye| within a few years even if the LMA solution is correct.
mentalists need to provide two different levels of evidence inqy example, the combined effect of the zenith-angle depen-
order to “solve” the solar neutrino problems. First, measure-gence plus a possible spectral distortion at low energies
ments must be made that are inconsistent with standard elepmght show up as a clear signal. Or both the integrated day-
troweak theory at .mOI‘e than thes3level of Signiﬁcance. n|ght effect and the day-r"ght Spectrum test Cou|d be Ob'
Second, diagnostic measurements must be made thagrved. The combined statistical significance of several dif-
uniquely select a .singlle non-standard neutrino solution.  ference tests could be very powerful. With the great
Where are we in this program? precision and the high statistical significance of the SuperKa-
We are much of the way toward completing the first re-mjokande data, we think that there is a good chance that a
quirement in a global sense. A number of authors havgnany sigma result may be obtainable in a relatively few
shown[12,37-39 that an arbitrary linear combination of years.
fluxes from different solar nuclear reactions, each with an Note added in proofRecently, the Superkamiokande
undistorted neutrino energy spectrum, is inconsistent atollaboration has made available the data for 825 days of
about 3 or more with a global description of all of the opservationgT. Kajita, talk given at the Second Int. Conf.
aVa.iIable Solar neutl‘ino data. The data sets Used in thes%eyond the Desert,” Castle Ringberg’ Tegernsee’ Ger-
calculations have gradually been expanded to include thghany, 1999. In this more complete data set, the significance
results of all five solar neutrino experiments: Homestakeof the excess of events at high energies has further decreased
Kamiokande, SAGE, GALLEX, and Superkamiokande. Theand the day-night asymmetry has increased to approximately

results have become stronger as more data were added. T 2o level. Both of these developments strengthen slightly
precise agreemef13] of the calculated sound speeds of thetne case for the LMA solution.

standard solar model with the measured helioseismological
data_ has provided a further argument in_ support of the con- ACKNOWLEDGMENTS
clusion that some new physics is occurring.

However, we do not yet have a measurement of a We are grateful to the SuperKamiokande Collaboration
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is by itself significant at a many sigma level of significance.data and for many stimulating discussions. We are also
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